Abstract-Nearly diffraction limited GaSb-based type-I quantum well cascade diode lasers emitting in the spectral region 1.95-2 µm were designed and fabricated. Two-step 5.5-µm-wide shallow and 14-µm-wide deep etched ridge waveguide design yielded devices generating stable single lobe beams with 250 mW of continuous wave output power at 20°C. Quantum well radiative recombination current contributes about 13% to laser threshold as estimated from true spontaneous emission and modal gain analysis. Recombination at etched sidewalls of the 14-µm-wide deep ridges controls about 30% of the threshold.
I. INTRODUCTION

C
OMPACT and efficient semiconductor lasers operating near 2 μm wavelength are in demand for various applications [1] . High power single spatial mode emitters are often required. Narrow ridge GaSb-based type-I quantum well (QW) non-cascade diode lasers generating above 100 mW in nearly diffraction limited beam in this spectral region were previously reported, see for instance [2] , [3] . Recently, we have developed cascade diode lasers generating nearly 2 W of continuous wave (CW) output power from ∼100-μm-wide aperture in multimode beam and demonstrating threshold current densities <100 A/cm 2 [4] . Carrier recycling between two QWs connected in series yielded internal efficiency ∼180%. In this work, we report on design and fabrication of the narrow ridge single spatial mode lasers based on the same heterostructure.
Narrow shallow ridge non-cascade diode lasers with etching stopped inside of the top p-cladding layer can demonstrate efficient single spatial mode operation [2] . Relatively small lateral index step (order of 0.01) enlarges the lateral modal size. This makes a modest lateral current spreading (typically observed in non-cascade shallow ridge devices) beneficial. It was shown in [5] that GaSb-based cascade diode lasers are prone to stronger lateral current spreading compared to noncascade devices. Intensive lateral current spreading is expected in all cascade laser heterostructures characterized by strong asymmetry between vertical and lateral conductivity. The standard approach to confine current in ridge waveguide cascade lasers is to use deep etching, i.e. through the top cladding and active QWs. Deep etching provides lateral confinement for both current and optical field and can ensure a perfect overlap of the gain region with optical mode. However, in narrow ridge bipolar lasers, the surface recombination and extra optical loss associated with etched ridge side walls can become a factor. These edge effects can degrade significantly the threshold current and slope efficiency of the single spatial mode narrow deep etched ridge waveguide lasers. Fig. 1 illustrates the above speculations with an experimental data we obtained for λ ∼ 2 μm non-cascade diode lasers.
Power-current characteristics of the deep etched lasers based on non-cascade heterostructures show strong degradation of the laser parameters with the narrowing of the lateral waveguide width from 100 to 4 μm. Device slope efficiency gets reduced about fourfold and threshold current density increases from ∼80 A/cm 2 for 100-μm-wide to about 3.7 kA/cm 2 for 4-μm-wide deep narrow ridge lasers. In contrast, the slope efficiency of the shallow (about 200 nm of p-cladding was left outside of the ridge waveguide) narrow ridge lasers decreases only by about 15% and nominal 1041-1135 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. threshold current density increases to ∼450 A/cm 2 . It should be noted that only minor slope efficiency degradation in the case of shallow ridge lasers implies that the large part of the nominal threshold current density increase can be accounted to lateral current spreading. Under this assumption, the lateral current path can be estimated to be 4-5 times wider than the ridge width, i.e. ∼20 μm. The tendency to lateral current spreading is expected to be enhanced in cascade laser heterostructures. Fig. 1 data suggest that etching deep narrow ridges is not always an efficient approach to confine current in lateral direction of the single special mode lasers. Two-step narrow ridge design approach proposed in [6] was used to fabricate devices discussed in this work. Deep etched relatively wide ridge section confines current while shallow narrow ridge section helps to define waveguide modal structure in lateral direction (left inset in Fig. 2 ).
In two-step ridge waveguides the role of surface recombination is scaled down by widening the deep etched section. The mode discrimination assisted by shallow ridge section can be achieved without excessive increase of the optical loss for the fundamental laser mode. The two-step ridge structure can match the current path to modal size with minimal edge effect penalty. Two-step narrow/wide design also yields narrower slow axis far-field pattern compared to narrow deep ridges.
The two-step ridge waveguide coated 2-mm-long devices mounted epi-side-down demonstrated 250 mW of CW power in nearly diffraction limited beam. Adequate temperature stability of the laser parameters permitted epi-up mounting (as preferred by many applications) yielding 180 mW CW output power at the current of 500 mA and threshold currents below 35 mA. Experimental studies of the gain and true spontaneous emission spectra [7] allowed estimating a contribution of the radiative current to the laser threshold to be <15%.
II. DEVICE FABRICATION
Laser heterostructures were grown on Te-doped GaSb substrates by solid-source molecular beam epitaxy using thermally cracked Sb and As fluxes. The devices had 1500-nm-thick Al 0.8 Ga 0.2 As 0.07 Sb 0.93 p-and n-cladding layers doped with beryllium and tellurium, respectively. The first 500 nm of the top p-cladding adjacent to the waveguide core layer were doped to nominal 10 17 cm −3 to minimize free hole absorption modal loss. The remaining 1000 nm of p-cladding were doped to 10 18 cm −3 level. The 200-nm-thick graded composition and 100-nm-thick GaSb cap layers (beryllium 10 19 cm −3 ) were grown on top of the p-cladding. The waveguide core consisted of undoped 400-nm-thick Al 0.3 Ga 0.7 As 0.03 Sb 0.97 layers on both sides of the active region containing two 8-nm-wide Ga 0.75 In 0.25 Sb QWs. These two QWs were connected in series by tunneling junction/superlattice injector as described in [4] . In the non-cascade lasers ( Fig. 1 ) active QWs were connected in parallel, i.e. separated by 20-nm-wide Al 0.3 Ga 0.7 As 0.03 Sb 0.97 layer.
Two types of the devices were fabricated from two-stage cascade laser heterostructures: broad stripe deep etched multimode lasers and two-step shallow/deep etched narrow ridge single spatial mode lasers. Multimode devices with ridge width of 100 μm were etched down through the top p-cladding and waveguide core with etching stopped inside n-cladding. The devices aimed at single spatial mode operation were etched in two steps. Firstly, 5.5-μm-wide shallow ridges were etched using silicon nitride hard mask and methane-based inductive coupled plasma (ICP) reactive ion etching (RIE) ( Table 1 ). The ICP RIE was followed by annealing step (450°C, 120 s) to rectify the adverse effect of hydrogen passivation on cladding conductivity [8] . Secondly, 14-μm-wide deep ridges were wet-etched down to the middle of the waveguide core. The etched ridges were covered by ∼300 nm silicon nitride layer, windows for p-contact were open and overlay p-metal (Ti/Au) was deposited. The wafers were lapped, polished and n-metalized in standard manner. Fig. 2 show the images of the as cleaved laser facets illustrating the etching profiles.
The reference wide ridge lasers demonstrated threshold current densities of about 75 A/cm 2 . These values only marginally smaller than those obtained for non-cascade double-QW diode lasers [9] (Fig. 1) . One possible reason is lack of QW quasineutrality due to necessity to accommodate different electric fields on both sides of the active QWs in cascade heterostructures. The peculiarity of the cascade pumping was discussed in [4] where we also reported on continuous wave (CW) operation of the corresponding wide ridge devices generating Fig. 3 . Modal gain spectra measured for 1-mm-long uncoated wide (a) and two-step narrow (b) ridge lasers at different currents below threshold. The modal gain spectra calculated from TSE of the two-step narrow ridge lasers are plotted in (b) as blue lines. Circles denote the peak gain values used for calculation of the differential gain with respect to current (Fig.4a) . nearly 2 W of the output power. When the deep ridge width was reduced to ∼14 μm (inset in Fig. 2 ) the device threshold current density became ∼110 A/cm 2 and slope efficiency near threshold got reduced from ∼395 mW/A per facet down to ∼320 mW/A per facet. Reduction of the laser efficiency can be associated with increase of the optical loss and decrease of the injection efficiency. The modal gain spectra were measured for wide and two-step narrow ridge lasers using Hakki-Paoli method [10] supplemented with spatial filtering. Fig. 3 plots the modal gain spectra of 1-mm-long uncoated lasers. Modal gain spectra demonstrate additional, presumably parasitic, modulation which become apparent the most at low pumping levels. The distortions are associated with imperfect modal filtering and contribute to the error in estimation of the cavity optical loss from the long wavelength part of the modal gain spectra. After subtraction of about 12 cm −1 of the mirror loss of the uncoated 1-mm-long cavity one can estimate the internal optical loss to be about 6 cm −1 in both wide and two-step narrow ridge lasers. Fig. 4 plots the peak modal gain versus current density for wide and two-step narrow ridge lasers. The transparency current density increases ∼1.5 times and differential gain with respect to current decreases ∼1.3 times for the two-step narrow compared to the wide ridge devices. The laser slope efficiency reduces about 1.2 times in two-step narrow lasers compared to wide ridge ones (Fig. 2) . The enhanced nonradiative recombination at the deep ridge sidewalls explain these observations qualitatively. Arguably, this unwanted effect can be minimized if the deep wide ridge section etching stops just below p-cladding and does not penetrate the QW region. Inset into Fig. 4a shows the modal gain spectra measured at fixed current density (70 A/cm 2 ) for wide and two-step narrow ridges. Clearly, the QWs of the wide ridge devices are pumped to higher concentration levels.
The contribution of the QW radiative current to the threshold of the two-step narrow ridge lasers was estimated by measuring the true spontaneous emission (TSE). Uncalibrated TSE spectra were collected from the side of the laser chip Fig. 4. (a) Peak modal gain versus current density. Inset shows the modal gain spectra of wide and two-step narrow ridge lasers at nominally the same current density of 70 A/cm 2 ; (b) Radiative current density as estimated from calibrated TSE spectra versus total current density. Inset plots the dependence of the total QW current versus square root of calculated radiative current in logarithmic scale.
at the same set of currents at which the modal gain spectra were measured. Modal gain and TSE spectra corresponding to TE-polarized radiative transition in compressively strained QWs can be written as [7] :
where h is Plank constant, c is the speed of light, k is Boltzmann constant, T is carrier temperature, n is the effective refractive index of the laser mode (∼3.5), is the QW confinement factor, (∼2%), E f is the quasi-Fermi level separation and α tot is the total optical loss (∼18 cm −1 ). By fitting the calculated gain spectra to the experimental gain spectra (Fig. 3b) , one can obtain the calibrated TSE spectra. The radiative recombination current density can be calculated by integrating calibrated TSE spectra and multiplying it by QW thickness (L) and electron charge (q):
It should be noted that in cascade lasers discussed in this work there is no need to multiply the integrated TSE by total number of QWs since they are connected in series and share the same pumping current. The resulting value of the radiative current density does not depend on QW thickness explicitly since L in expression for current density cancels out with L in expression for optical confinement. Fig. 4b plots the dependence of the radiative current calculated per equation (2) on the total current below threshold for narrow ridge lasers. The estimated QW radiative current comprises about 13% of the total current. After taking internal efficiency into account one can estimate the QW radiative efficiency as 17-18%, similar to the estimations obtained for non-cascade GaSb-based diode lasers emitting near 2 μm [11] . Inset in Fig. 4b plots the dependence of the total QW current on square root of the calculated radiative current in logarithmic scale. This dependence is often used to identify the dominant carrier recombination mechanism [12] assuming linear, square and third order dependence of the ShockleyRead-Hall (SRH), radiative and Auger recombination on QW carrier concentration, respectively (ln(J) ∼z * ln(J 1/2 rad )). Data in Fig. 4b give a slope (z) corresponding to the dominance of the radiative current in contradiction to the results of TSE analysis. We speculate that the competition of the SRH and Auger recombination control the slope.
The CW power-current characteristics of the 2-mm-long anti-/high-reflection (AR/HR = 5%/95%) coated two-stage cascade two-step narrow ridge lasers measured at 20°C are shown in Fig. 5 . The highest CW output power generated by epi-down mounted lasers is ∼250 mW. The inset in Fig. 5 plots slow and fast axis far-field patterns measured by scanning single detector ∼30 cm away from the laser facet. Lasers emitted single lobe stable beam with divergence of 55-and 11-degree full-width-at-half-maximum (FWHM) in fast and slow axis directions, respectively. The current independent far field pattern confirmed robust single spatial mode operation above threshold.
Thermal resistances of the epi-down and epi-up mounted lasers were ∼25 and ∼45 K/W as estimated from temperature dependence of the laser emission spectra. The parameters T 0 and T 1 were estimated as ∼80 K and ∼300 K, respectively. Adequate temperature stability of the laser parameters allowed obtaining ∼180 mW of CW output power from lasers mounted epi-side up as preferred for many applications.
IV. CONCLUSION Two-step narrow ridge waveguide cascade diode lasers emitting near 2 μm were designed and fabricated. It was shown that combination of the narrow shallow ridge and relatively wide deep ridge effectively controls lateral current spreading and laser modal structure without excessive optical loss penalty. CW power levels obtained in stable single lobe beam with 55-by-11 degree FWHM divergence were 250 mW and 180 mW for epi-side down and episide up mounted lasers, respectively. Amplified and true spontaneous emission measurements allowed estimating the contribution of the QW radiative current to total laser current to be below 15%. The etched sidewall was found to control about 30% of the threshold current of the ridge lasers with 14-μm-wide deep etched section. Threshold currents of ∼35 mA were measured for the 2-mm-long AR/HR coated two-step ridge waveguide high power lasers at 20°C in CW regime.
